A novel low-temperature (900°C) chemical gelation method was developed to synthesize spherical and nonagglomerated Ce 3+ -doped yttrium aluminum oxide particles (YAG:Ce 3+ ). This represents a process with a much lower processing temperature than current solid-state reaction processes (1400°C). Characterization of the particles via x-ray diffraction and thermoanalytical methods showed that calcination at 900°C for 2 h allowed direct crystallization from the amorphous phase, inferring that this process allows homogeneous mixing and increased precursor reactivity. Electron microscopy results showed that the spherical particles (∼100 to ∼3 m) were the flocks of crystallites. The crystallite sizes (Rietveld refinement) grew linearly from 27 nm (900°C) to 114 nm (1300°C). The surface area decreased from 40 m 2 /g (900°C) to 5 m 2 /g (1300°C) because of the coagulating and growing of crystallites to bigger grains at 1300°C. Single-crystal nanoparticles (around 100 nm) were obtained with this process and their atomic structures were revealed via high-resolution transmission electron microscopy.
I. INTRODUCTION
The phosphor that is commercially used for white light emitting diode (LED) lighting applications is a cerium (III)-doped yttrium aluminum oxide (garnet crystal; YAG:Ce 3+ ). The garnet crystal has a general formula [ 12 ], where RE are rare-earth ions and the superscripts c, a, and d denote the Wyckoff symbols for the ions' occupancy site in the lattice. [1] [2] [3] [4] . All of the metal cations are trivalents. The garnet's crystal structure (space group number 230; I a 3 d) is cubic with 160 atoms and eight formula units per unit cell. Each formula unit consists of an ion arranged on a body centered cubic (BCC) lattice with c and d ions lying on the faces. Each a and d ion occupies an octahedral site (i.e., AlO 6 ) and tetrahedral sites (i.e., AlO 4 ), respectively. These polyhedrals are not regular because the oxygen lattice is distorted. Each c ion is surrounded by eight oxygen ions, forming a severely distorted cube.
It has been found that YAG:Ce 3+ coated onto a blue LED is excited by the blue radiation to give white light. 5, 6 Critical property requirements of the phosphor include its' being small with spherical particles to achieve a thinner layer and a more homogeneous coating on the LED with less material loading.
Chemical synthesis such as homogeneous precipitation, 7 coprecipitation, 8, 9 and combustion synthesis, 10 and physical methods such as spray pyrolysis 11 and solidstate reaction 12 are common methods in synthesizing YAG particles. However, it is difficult to crystallize pure garnet crystal phase at low temperatures (<1000°C) because yttrium and aluminium ions have different solubilities and precipitate at different pHs. Several phases [perovskite YAlO 3 (YAP), hexagonal YAlO 3 (YAH), and monoclinic Y 4 Al 2 O 9 (YAM)] other than garnet are present after calcination, even when reacting a stoichiometric (garnet YAG;Y:Al ‫ס‬ 3:5) mixture of precursors. Therefore, it is necessary to control the precursors' compositions during the preparation. One of the methods is using emulsions as reported by Hardy et al. 13 They synthesized the undoped yttrium aluminium oxide by gelling the alkoxide sols in an organic solvent. However, the precursors (alkoxide sols) must be prepared at an elevated temperature.
This article reports on the chemical gelation method (an emulsion-based technique), which uses mixed saltsolutions as the precursors; no heat is required for the preparation. Chemical gelation was developed to synthesize spherical and nonagglomerated YAG:Ce 3+ particles that crystallize with pure cubic garnet phase at low temperatures and concomitantly produce single-crystal nanoparticles. 3+ -doped yttrium aluminum oxide equivalent). The as-prepared mixed chloride salt-solution and 0.3 wt% sorbitane monooleate (Span80) were added slowly into toluene to form a water-in-oil emulsion. The emulsion was then stirred to homogeneity. Ammonia gas was introduced slowly into the emulsion to cause gelation of the particles. The precipitates were centrifuged and washed thoroughly with acetone, ethanol, and deionized water. The washed precipitates were dried in an oven at 80°C for 10 h, and the dried precipitates were heated in air using a muffle furnace (HT10/18; Nabertherm, Lilienthal, Germany) at a heating rate of 10°C min −1 from ambient temperature to 800°C, 900°C, 1000°C, and 1300°C for 2 h and 1600°C for 8 h.
II. EXPERIMENTAL
The synthesized particle morphology and size (number-weighted) were characterized by transmission electron microscopy (JEM-2010; JEOL, Tokyo, Japan) and field emission (FE) scanning electron microscopy (JSM-6340F; JEOL). Simultaneous differential thermal analysis/thermo-gravimetric analysis (DTA/TGA) analysis (STA449C; Netzsch Instruments, Bavaria, Germany) were carried out in flowing air (10°C min −1 ) to determine the temperature of decomposition, phase transformation, and the weight loss of the dried precipitates. The surface area was measured using the Brunauer-EmmettTeller method (N 2 chemisorption) on an automatic surface area analyzer (NOVA 2000; Quantachrome, Boynton Beach, FL). Crystalline phases of the as-synthesized and heat-treated powders were identified using x-ray diffraction (XRD; LabX XRD-6000; Shimadzu, Tokyo, Japan) with CuK␣ radiation at 40 kV and 30 mA. The samples were step-scanned from 10°to 145°using 2 increments of 0.02°at a 0.15°min −1 counting rate. Structure refinement was performed using the Rietveld refinement method (via a fundamental parameters procedure) 14 to obtain the crystallite sizes (volume weighted).
III. RESULTS AND DISCUSSION

A. Crystallization of YAG:Ce
3+
The crystallization of YAG:Ce 3+ particles progressed via three stages of dehydration [ Fig. 1 and Eqs. (1)- (3) (M refers to the metal ions)]. The weight losses observed in these three stages had good correlation to the theoretical weight loss.
The first two stages of dehydration can be distinguished from the derivative TG trace (DTG) (Fig. 1) . Rapid dehydration (∼20%) observed in the first stage was mainly from the evaporation of adsorbed surface water and water of crystallization in the precipitates. The dehydration (∼17%) in the second stage occurred via OH -condensation as described by Eq. (4)
The metal cations in the precipitates were coordinated with OH -as M(OH) 6 3+ . They were connected in linear molecular chains and had spiral forms. 15 The molecular water was trapped inside the tubular structure and hence required a higher temperature to promote the proton migration H + to the neighboring OH − site for the OH − condensation. After the dehydration in the second stage, the hydroxide precipitates were transformed into oxyhydroxide precipitates. The first and second stages of dehydration were indicated by DTA (Fig. 1) as a strong and broad endothermic peak.
In the third stage, OH − condensation was more difficult because of the OH − groups being further apart, separated by the oxo-bridges in the oxyhydroxide structure. Hence, a higher temperature was required for the H + to gain sufficient kinetic energy to break the bond and migrate to the polar site of OH − to cause condensation. As the temperature increased to above 800°C, atomic diffusion and rearrangement occurred more rapidly. Some crystallinity was evident in the XRD pattern (Fig. 3) with a weak and broad intensity peak around Bragg's diffraction (420). The garnet crystallization rate occurred most rapidly at 910°C (onset-end: 897-930°C), evident by a sharp exothermic peak. The weight loss after 930°C was negligible.
That single exothermic peak at 910°C (in DTA trace) was novel for YAG:Ce 3+ particles synthesized via chemical gelation process because the precipitates had transformed to a garnet crystal phase (with no other phases) at a low temperature, as evident in the XRD pattern in Fig. 2 . Another reason was that the chemical gelation had prevented segregation of Al 3+ and Y 3+ by confining and mixing the stoichiometric amount of precursors inside the emulsion droplets and by gelling the emulsion particles homogeneously via the controlled dissolution of ammonia gas.
The chemical gelation method compares well against other chemical preparation methods such as coprecipitation and alkoxide routes demonstrated by Sim et al. 16 They had observed two exothermic peaks from samples derived by coprecipitation and alkoxide methods. The first peak was strong and sharp and the second peak was weak and broad. This observation has also been reported by other groups. [17] [18] [19] Sim et al. 16 reported that the YAG powders prepared by coprecipitation exhibited phases of YAG and YAH at 951°C. As the heat treatment temperature increased above 1000°C, the YAG phase increased to form the dominant phase but could not be completely transformed to a pure garnet phase. The alkoxide route yielded only YAH upon crystallization. Above 1000°C, a small amount of YAM appeared in addition to YAG. In general, coprecipitation exhibited mixed phases of YAG and YAH, 8, 9 combustion synthesis yielded YAH and YAG at 920°C, 10 and high-energy ball milling process did not show any significant crystallization at 900°C. 12 Sol gel-derived particles achieved crystallization of YAG at 900°C, 19 but its particle morphology was not as spherical as the chemical gelation-derived particles, and the gel particles were highly agglomerated.
B. Polycrystalline and single-crystal YAG:Ce 3+ particles
Precipitate nuclei in the chemical gelation process were gelatinous, porous, and amorphous because of their three-dimensional flocculation networks. As the calcination temperature increased, the precipitate nuclei grew   FIG. 2. FE scanning electron microscopy of (a) dried precipitates. (b) 900°C, 2 h., (c) 1000°C, 2 h. (d) 1300°C, 2 h , and (e) 1600°C, 8 h.
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into larger crystallites with improved crystallinity, as evident in the XRD Bragg's diffraction intensity and the line broadening of the peaks (Fig. 2) . The crystallite sizes of the samples calcined at 900°C, 1000°C, and 1300°C were calculated to be 27 nm, 45 nm, and 114 nm, respectively.
14 This was consistent with that observed in the micrographs (Fig. 3 shows the flocks of crystallites aggregated into spherical particles). The micrographs [ Fig. 3(a) ] also showed that the particles were free from hard agglomeration, as no inter-particle necking occurred. Good spherical particle morphology was observed and the particles sizes ranged from ∼100 nm to ∼3 m.
Pores were observed in particles calcined above 900°C ( Fig. 3 ; big spherical particles were selected to illustrate the pores). During the precipitation, the precipitate nuclei formed three-dimensional networks that contained pores in between the interconnected regions. When the gel particles (precipitates) were heat treated to 900°C, the interconnected precipitate nuclei coalesced into coarse crystallites, and pores appeared in the intercrystallite space (or boundary).
1 Above 1000°C, the crystallites continued to coalescence and grow. Because of the reduction of total surface energy, the pores at the boundary were left behind by the moving boundary or migrated with the boundary. 1 Thus, the pores were gradually agglomerating into bigger pores [ Fig. 3(c) ]. At 1300°C, the crystallites were not distinguishable; coarse crystallites had coalesced and grew into big grains from the high boundary curvatures and high driving forces for the boundary migrations. The clusters of small spherical pores were left behind in the center of the big grains [ Fig. 3(d) ]. 1 However, if the pores were eliminated, the particles would collapse into dense and hard equi-axed particles as demonstrated at 1600°C for 8 h [ Fig. 3(e) ]. Brunauer-Emmett-Teller results confirmed that the crystallites grow with reduced surface area at higher calcination temperatures (i.e., 40, 23, 5, and 0.2 m 2 g −1 at 900°C, 1000°C, 1300°C, and 1600°C, respectively).
It is interesting to note that the particles with sizes ∼100 nm after calcination above 1300°C were single crystals, evident by Rietveld refinement calculation and high-resolution transmission electron microscopy [HREM; Fig. 4(a) ]. This shows that the crystallites were fine and uniform in size distribution. Because the driving force and the growth rate are inversely proportional to the crystallite sizes, 1 the particles with large surface contacts were able to grow into single crystals without excessive deformation. This ability to form spherical morphology and single-crystal YAG:Ce 3+ at sizes around 100 nm is novel to the chemical gelation process. Other chemical processes such as homogeneous precipitation (a common method for producing near-spherical particles) produce only polycrystalline particles in that size range. In addition, homogeneous precipitated particles excessively deformed at high calcination temperatures (1000°C).
20
C. HREM analysis of the single-crystal particle Figure 4(b) shows the HREM of the single-crystal particle in [100] zone axis. The as-collected experimental HREM images were not interpretable because the images were affected by the slight bend of crystal and they were taken under nonoptimum defocus conditions. Therefore, it was imperative that the experimental images be reconstructed with the aid of crystallographic image processing technique. 21 All of the possible two-dimensional symmetries were tested through Fourier processing and lattice refinement. It was found that the symmetry p4m had the highest calculated figure of merit for amplitude (RA%) and phases (Res). 21 This symmetry was also the symmetry projected along [100] as reported in International Tables  for Crystallography. 2 Thus, the experimental HREM images were Fourier processed and imposed with the p4m symmetry to yield a highly symmetrical image [ Fig. 5(d) ].
The atomic structure of the garnet was simulated using a crystallographic drawing program (ATOMS) to illustrate the observed structural projection. They were superimposed on the HREM image so that the contrast in the HREM image could be represented by the overlaid atoms and polyhedrals axes with every 90°rotation. The Y 3+ ions were above and below the AlO 4 tetrahedrals along these screw axes. These atomic structures (inside and outside the rings) appeared as black dots in the image projection because the crystal was too thin. The HREM calculated via Multislice method 22 showed that the thickness was about two unit cells (<2.4 nm). When the thickness increased to three unit cells and above (>3.6 nm), the columns of atoms would appear as white dots in HREM.
IV. CONCLUSION
A novel approach to produce spherical and nonagglomerated YAG:Ce 3+ particles was successfully demonstrated via a chemical gelation method at a low temperature (900°C). During the gelation process, the waterin-oil emulsion enabled the formation of spherical gel particles when the ammonia gas was introduced. YAG cubic structure was crystallized from the amorphous phase after heat treatment at 900°C for 2 h in air, showing improved homogeneous mixing and increased reactivity of the precursors. The particle size ranged from 100 nm-3 m and they were the flocks of crystallites. The crystallite sizes, calculated by Rietveld refinement method, grew linearly from 27 nm at 900°C to 114 nm at 1300°C and were in good agreement with electron micrograph images. The surface area of the particles decreased from 40 m 2 /g at 900°C to 5 m 2 /g at 1300°C from the coagulating and growing of crystallites to bigger grains at 1300°C. Single-crystal phosphor at ∼100 nm was obtained after it calcined at 1300°C.
